Harper KM, Tunc-Ozcan E, Graf EN, Redei EE. Intergenerational effects of prenatal ethanol on glucose tolerance and insulin response. Physiol Genomics 46: 159 -168, 2014. First published January 14, 2014; doi:10.1152/physiolgenomics.00181.2013.-Consequences of prenatal exposure to ethanol (E) include morphological, physiological, and cognitive deficits and are collectively classified as fetal alcohol spectrum disorders. Adult prenatal E exposed offspring show insulin resistance, and given that in utero hyperglycemic environment can cause metabolic disorders in subsequent generations; we investigated the effects of grandmaternal E on functional glucose and insulin responses of the second generation. Sprague-Dawley (S) rat dams, mated with S males, received E-containing liquid diet and two different control diets between gestational days 8 and 20. Additionally, because prenatal E-induced behavioral deficits can be reversed by simultaneous thyroxine (T4) treatment, another group of dams received 0.3 mg/l T4 in their E diet. Their first-generation (F1) offspring were mated with control Brown Norway (B) males or females to produce SB and BS F2 progeny. Dams consuming E during pregnancy were hyperglycemic, and their F1 offspring showed insulin resistance in the glucose tolerance test (GTT). However, F2 responses to GTT varied based on the sex of prenatal E-exposed parent. BS F2 females, and both male and female SB F2 progeny, displayed hypoglycemic and hyperinsulinemic GTT response patterns. Although administering T4 to E dams normalized thyroid function of the F1 generation, it did not reverse their prenatal E-induced metabolic dysfunction. In contrast, administration of T4 to the alcohol-consuming grandmother reversed or alleviated the aberrant GTT responses of the F2 progeny. Prenatal E-induced dysregulation of glucose metabolism can affect the next generation, possibly via ethanol effects on the germline of the F1 fetus.
hood (13, 52) these offspring show higher blood glucose levels than controls, which may or may not be accompanied by higher insulin levels. These findings in animal studies parallel glucose metabolism in humans exposed to E in utero, in one study to date (11) . Because adult female offspring who were exposed to E in utero have impaired glucose tolerance, their progeny can be exposed to an intrauterine environment that puts them at risk for developing their own metabolic problems (18) . As glucose dysregulation and hyperinsulinemia often lead to lifelong insulin resistance, this intergenerational cycle may increase the risk and/or accelerate the onset of Type 2 diabetes, even in the absence of additional E exposure.
Not only may vulnerability to prenatal E effects be mediated by the amount of E consumed and the time of exposure during pregnancy, but genetic makeup may also influence the vulnerability of the mother and the fetus. We have demonstrated this latter phenomenon by showing that the strain of the E-consuming pregnant rats determines behavioral vulnerabilities of their offspring (38) and that another phenotype, fetal E-induced decreases in birth weight of the offspring, is affected interactively by both paternal and maternal genotypes.
The goals of the present study were to investigate the effects of grandmaternal alcohol consumption, the role of genotype in vulnerability to prenatal E, and the effects of prenatal T4 treatment on metabolic phenotypes. Our selected measure, glucose and insulin response to glucose tolerance test (GTT), is a classic challenge test that provides useful information regarding the state of the metabolic function of the organism, while also being predictive toward its current or future diabetic conditions (22) . These measures, together with body weights, could indicate the vulnerability, or resilience, of offspring with different genetic backgrounds to grandmaternal exposure to ethanol. First, to scrutinize the intergenerational hypothesis, we produced two generations, the first of which was exposed to E in utero. We envisioned that vulnerability and resilience to prenatal E effects due to maternal and paternal genotype may occur in metabolic functions as it did in behavior (38) ; therefore, we elected to cross the F1 generation Sprague-Dawley (S) rats with naïve male or female Brown Norways (B) as shown in Fig. 1 . The pregnant dams (P0) consumed E or control diets as described previously (38, 42, 48) , and the mating of their offspring led to SB F2 progeny whose mothers were exposed to E or control diets in utero, as well as BS F2 offspring whose fathers were exposed to alcohol in utero. Finally, since we have shown previously that prenatal E-induced behavioral deficits can be attenuated with administration of thyroxin (T4) to the alcohol-consuming dams (48), we examined whether T4 administration to alcohol-consuming grandmothers could reverse the prenatal E-induced alterations in glucose metabolism.
METHODS
Animals. All procedures were approved by the Institutional Animal Care and Use Committee of Northwestern University. This study employed S (Harlan, Indianapolis, IN) and B (Charles River, Wilmington, MA) rats and their reciprocal crosses. We chose to use the B, the most phylogenetically divergent inbred rat strain, and the S, the most commonly utilized outbred strain (41) . The B and S genomes have been sequenced by the Rat Genome Project and Celera, respectively, and differences between these strains in litter size, temperament, appearance, and attributes of sensorimotor gating have been reported (41) . In future experiments addressing the molecular differences that create susceptibilities in specific strains, being able to track parent of origin, allele-specific expression of imprinted genes will be necessary. All rats were housed in a temperature-and humiditycontrolled environment with a 12 h light cycle (lights on at 6 AM).
Throughout the experiments water was available ad libitum. Female S rats were mated with male S or male B. The day when sperm was found in vaginal smears was considered gestational day (GD) 1. Dams were divided into four prenatal treatment groups: control (C), pair-fed (PF), ethanol (E), and ethanol ϩ thyroxin (EϩT4). C dams were kept on conventional laboratory chow ad libitum throughout pregnancy. The remaining three prenatal treatment groups received liquid diet (Lieber-DeCarli =82; Bio-Serv, Frenchtown, NJ) starting at GD4. E diet began at GD8, and from GD8 to 10 the percentage of E in the diet was increased until it reached 5% (wt/vol) and then was kept constant until GD20, as reported previously (42) . The EϩT4 group received 0.3 mg/l thyroxin (Sigma-Aldrich, St. Louis, MO) in the E-containing liquid diet, which, based on the daily diet consumption, is equivalent to ϳ8 g/100 g body wt/day of T4. Each individual PF rat received a liquid diet that was isocaloric to the amount consumed by an individual E or EϩT4 (since there was no difference in diet consumption between these two groups) on the previous GD. On GD21, all rats were provided with regular laboratory chow ad libitum. Offspring were weaned at postnatal day (PD) 24 and testing began at PD70. One or two male and female rats from each litter were used for the GTT to avoid potential litter effects. From each SS F1 prenatal treatment group, females and males that were experimentally naïve were chosen as breeders for the second generation. These rats were paired with B males or females to produce SB and BS F2 rats. As in the F1, offspring were weaned at PD 24 days and testing began at PD 70. Male and female rats from each prenatal treatment group received GTT as was done in the first generation.
GTT. Animals were fasted for ϳ16 h overnight, and tail blood was collected in the morning into tubes containing EDTA (0 min or fasting time point) to collect the plasma. Immediately following the first blood collection, an intraperitoneal injection of 2 g/kg body wt dextrose (Sigma-Aldrich) was given as described previously (39) . Tail blood was collected in the same manner at the 30 and 60 min time points after dextrose injection. Rats were killed at 120 min after injection and trunk blood was collected (nC ϭ 5-13, nPF ϭ 4 -19, nE ϭ 5-16, nEϩT4 ϭ 5-15 per generation, sex, and maternal or grandmaternal treatments). In another set of animals, trunk blood was collected from pregnant dams at GD21 for glucose and insulin measures of different prenatal diet groups (n C ϭ 7-8, nPF ϭ 3-6, nE ϭ 6 -7, nEϩT4 ϭ 7).
Assays. Glucose levels were measured in duplicates by Stanbio glucose liquicolor kit (Stanbio laboratory, Boerne, TX). Insulin levels were measured in duplicate by Ultra sensitive rat insulin ELISA kit (Crystal Chem, Downers Grove, IL). Sensitivity of the insulin assay was 0.1 ng/ml with an inter-and intra-assay coefficient of variation (CV) of Յ 10%.
Experimentally naïve rats from different prenatal diet groups were killed by decapitation for tissue and blood collection. Plasma was collected from trunk blood was used for thyroid stimulating hormone (TSH) enzyme immunoassay (ELISA) (Immuno-Biological Laboratories, Minneapolis, MN) (n C ϭ 3-12, nPF ϭ 4 -11, nE ϭ 4 -11, nEϩT4 ϭ 3-10). Sensitivity was 0.1 ng/ml with an assay CV of Յ 12.4%.
Statistical analysis. Graphs represent means Ϯ SE. Data were compared by two-way or three-way ANOVA with sex, prenatal treatment, and time point as factors. Time points were considered as a repeated measure. Area under the curve (AUC) was calculated by the trapezoidal method. If there was no significant effect of sex, male and female data were combined. If there was no significant effect between C and PF, occasionally data were combined. For body weight data, nested ANOVAs were done with litter as the nested factor. We found that litter had a significant effect on the variability seen in prenatal treatment groups in birth and weaning weights, but this effect usually dissipated by adulthood. When appropriate, Bonferroni post hoc comparisons were used. Hypothesis testing was carried out by Student's t-test in some cases as noted. Significance was considered P Ͻ 0.05. Statistical analyses were done by Systat 11 (Chicago, IL).
RESULTS
Body weights of SS F1 males and females and their progeny at different developmental time points are shown in Tables 1  and 2 . SS F1 males that were exposed to E and EϩT4 in utero weighted less than controls throughout their lives, but these differences reached significance only at birth (F (3,134) ϭ 30.42, P Ͻ 0.01; Table 1 ). The BS F2 offspring of SS F1 E males weighed significantly less than controls at birth (male and female data combined F (3,95) ϭ 4.41, P Ͻ 0.01). At weaning, only males showed a decrease in body weight (F (3,159) ϭ 4.4, P Ͻ 0.01), but no effects were seen in adulthood. These data suggest that SS F1 males and their BS F2 progeny experience catch up in growth, such that they are comparable with controls Data are represented as mean Ϯ SE; n ϭ 11-44/group. Bonferonni post hoc. *P Ͻ 0.05, **P Ͻ 0.01 C vs. E,ˆˆP Ͻ 0.01 C vs. EϩT4,ϩϩP Ͻ 0.01 E vs. EϩT4. Adult weights were gathered at 60 -70 days for F1 and 120 days for SB F2. at adulthood. The prenatal E-induced decreases in birth weight were not reversed by prenatal T4 treatment, neither in the first nor the second generation.
Female offspring that were exposed to E and EϩT4 in utero weighed less compared with controls throughout their lives, with significant differences at birth for both groups and at adulthood only for the E group (birth F (3,141) ϭ 36.8, P Ͻ 0.01; adulthood F (3,67) ϭ 5.76, P Ͻ 0.01; Table 2 ). Surprisingly both male (F (3,80) ϭ 6.47, P Ͻ 0.01) and female (F (3,80) ϭ 7.60, P Ͻ 0.01) offspring of SS F1 E females weighed significantly more than controls in adulthood (Table 2 ). This effect was reversed by T4 treatment to the E-consuming grandmother, resulting in the body weight of their SB F2 progeny similar to those of controls (E vs. EϩT4, P Ͻ 0.05). Unlike the straight transfer of body weight characteristics via the male line, the offspring of prenatal E-exposed females showed a body weight pattern that reversed that of their mother; an underweight mother had heavier adult progeny.
Given this increased body weight of the SB F2 progeny of the prenatally E-exposed females, we tested the functionality of the glucose/insulin system in the P0, F1, and F2 generations. SS females that received E while pregnant had elevated plasma glucose levels at GD21 compared with control dams (F (3, 24) ϭ 4.06, P Ͻ 0.05; Fig. 2A) , and simultaneous treatment with T4 did not reverse this relative hyperglycemia. Interestingly, pregnant PF females showed elevated insulin levels (F (3, 19) ϭ 4.61, P ϭ 0.01; Fig. 2B ) compared with C dams, while E dams showed comparable insulin levels to C dams. Compared with PF, E dams had significantly lower insulin levels, while T4 administration in the E diet eliminated this difference.
Glucose response to GTT, either the time course of the response or the AUC, did not differ between the SS F1 offspring by sex; therefore, male and female SS F1 data were combined. SS F1 E rats had significantly higher glucose levels than controls 30 min after glucose injection, but their levels returned to control by 60 min (F (9,177) ϭ 2.92, P Ͻ 0.01; Figs. 3A and 4A) postinjection. This exaggerated glucose response to GTT was not reversed by T4 treatment of the E dams but was worsened such that the response stayed elevated in the SS F1 EϩT4 offspring even at 60 min (F (9,177) ϭ 2.92, P Ͻ 0.01). Insulin responses to GTT differed between the male and female SS F1 offspring significantly (F (1, 40) ϭ 27.64, P Ͻ 0.01). SS F1 E males had significantly increased levels of insulin compared with those of controls at 30 min postglucose that was not reversed by prenatal T4 treatment (F (9,63) ϭ 3.0, P Ͻ 0.01; Fig.  3B ), similar to the glucose response. Though SS F1 E males showed an insulin-resistant profile, when they were mated with naïve B females their BS F2 offspring experienced a normal in utero glucose environment. Accordingly, the glucose GTT profile of the BS F2 offspring did not differ significantly by grandmaternal diet. However, the insulin responses of BS F2 female offspring of SS F1 E males were significantly higher than controls at 30 min postglucose challenge (F (9,76) ϭ 2.09, P Ͻ 0.05; Fig. 3B ), which was not attenuated by grandmaternal T4 treatment.
In agreement with the time course of GTT, SS F1 offspring of E and EϩT4 dams showed significantly greater overall glucose responses than control, as is seen by the AUC (F (3,60) ϭ 8.58, P Ͻ 0.01; Figs. 3C and 4C) . Overall insulin response of SS F1 E males did not differ from controls but did from their nutritional control PF group (t (10) ϭ 4.67, P Ͻ 0.01; Fig. 3D ). The BS F2 male progeny presented normal GTT, while the female offspring of the hyperglycemic SS F1 E males showed significantly lower glucose AUC compared with the combined controls of C and PF, and to the grandoffspring of EϩT4 dams (F (2, 18) ϭ 6.65, P Ͻ 0.01; Fig. 3C ). The physiological relevance of the overall hypoglycemia of the BS F2 E females was suggested by their significantly higher insulin AUC compared with BS F2 C females (t (10) ϭ 2.62, P Ͻ 0.05; Fig. 3D ). However, their overall insulin responses to GTT did not differ from BS F2 PF females, which were significantly different from controls. In contrast, male BS F2 grandoffspring of E dams showed a decrease in insulin AUC compared with F2 offspring of C dams (t (10) ϭ 2.55, P Ͻ 0.05). Thus, male offspring of E and EϩT4 dams exhibited hyperinsulinemia with a hyperglycemic profile, which resulted in hyperinsulinemic and hypoglycemic GTT responses in their female offspring. While none of the effects of prenatal E on SS F1 male GTT were reversed by T4 treatment, grandmaternal T4 reversed the effect of E on the GTT responses of the BS F2 progeny (please see female insulin significance in the figure) . As discussed previously, male and female SS F1 combined data had a significant prenatal treatment effect due to higher glucose response to GTT at 30 min in E and EϩT4 offspring and 60 min in the EϩT4 offspring (Figs. 3A and 4A ). Similar to the SS F1 E males, females presented a significantly greater insulin response to GTT at 30 min (F (9,57) ϭ 5.80, P Ͻ 0.01; Fig. 4B ), but not a significantly increased AUC (Fig. 4D) . Both male and female SB F2 offspring of the SS F1 E females displayed significantly lower glucose levels at 30 min postglucose injection, which returned to C levels by 60 min (F (9,128) ϭ 2.59, P Ͻ 0.01; F (9,116) ϭ 1.78, P ϭ 0.05; Fig. 4A ). However, in contrast to the effects of maternal T4 on SS F1 E females, grandmaternal treatment with T4 reversed the E effect on glucose metabolism in their offspring (E vs. EϩT4, P Ͻ 0.05). In agreement with the hypoglycemic glucose responses of SB F2 progeny, insulin levels were significantly higher than control at 30 and 60 min postglucose injection in the male offspring (F (9,112) ϭ 2.35, P Ͻ 0.05; Fig. 4B ), and at 30 min in the female offspring of the SS F1 E females (F (9,104) ϭ 3.19, P Ͻ 0.01). The hypoglycemic glucose response to GTT was reflected in the combined SB F2 male and female AUC levels (F (3,62) ϭ 6.80, P Ͻ 0.01; Fig. 4C ). However, only the SB F2 male offspring of the SS F1 E females showed the hyperinsulinemic AUC (F (3, 28) ϭ 5.68, P Ͻ 0.01; Fig. 4D ), which was reversed by the grandmaternal T4 treatment (E vs EϩT4, P Ͻ 0.05). Thus, the hyperglycemic and hyperinsulinemic GTT response profile of the SS F1 E and EϩT4 females led to hypoglycemic, hyperinsulinemic GTT responses in their SB F2 offspring, specifically in males. While none of the effects of prenatal E on SS F1 female GTT were reversed by T4 treatment, grandmaternal T4 reversed the effect of E on the GTT responses of the SB F2 progeny.
The thyroid hormonal profile of SS F1 males and their BS F2 offspring are shown in Fig. 5A . In the SS F1 males, prenatal E caused elevated plasma TSH levels compared with controls, indicating abnormal thyroid function (F (3, 20) ϭ 3.71, P Ͻ 0.05; Fig. 5A ). This apparent hypothyroid TSH profile was reversed by maternal T4 treatment. In the BS F2 male grandoffspring of dams on the PF, E, and EϩT4 diet, there was an apparent decrease in their plasma TSH levels that reached significance in the BS F2 EϩT4 males (F (3,13) ϭ 8.6, P Ͻ 0.01; Fig. 5A ). Thyroid dysfunction in the BS F2 females is unlikely as there were no differences in plasma TSH measures. Although SS F1 E females showed no significant differences in TSH plasma levels (Fig. 5B) , their SB F2 male offspring had decreased plasma TSH levels (F (3,16) ϭ 3.25, P Ͻ 0.05; Fig. 5B ). Thus, in contrast to the normalized E-induced deficit in GTT responses by grandmaternal T4 administration, thyroid function by large was not normalized to control levels.
Given our results that grandmaternal T4 treatment restores E-induced changes in body weights, glucose levels, and insulin levels in SB F2 rats, but not in SS F1s (summarized in Table 3 ), we generated SB F1 offspring of S mothers exposed to the same treatments as the SS F1s. There was no effect of in utero E exposure on SB F1 male offspring's body weights at birth, weaning, or adulthood, but there was a significant effect in the SB F1 female offspring at birth only (F (3,154) ϭ 22.4, P Ͻ 0.01) that was exaggerated by T4 treatment (Table 4) . SB F1 E males showed a trend toward elevated glucose responses to GTT (F (3,159) ϭ 2.58, P ϭ 0.064; Fig. 6A ), and their overall glucose response was significantly higher compared with controls (AUC: F (3,51) ϭ 3.65, P Ͻ 0.05; Fig. 6C ). The insulin response profile to GTT seemed to be inverse of the hyperglycemic response (F (3,153) ϭ 6.57, P Ͻ 0.05; Fig. 6B ), although no significant overall difference in AUC was found in males or females (Fig. 6D) . The time course of plasma glucose response to GTT differed in SB F1 females by prenatal treatment (F (3,180) ϭ 1.56, P ϭ Ͻ.01; Fig. 6C ), but the only significant difference in AUC occurred between the E and E ϩ T4 offspring (F (3,57) ϭ 2.73, P Ͻ 0.05). As expected, plasma insulin responses to GTT also differed by prenatal treatment (F (9,153) ϭ 2.23, P Ͻ 0.05; Fig. 6D ) with Eϩ T4 prenatal treatment resulting in significantly lower insulin response at 30 min postglucose injection compared with C offspring.
DISCUSSION
This study confirmed the presence of maternal hyperglycemia after consumption of E during pregnancy. Subsequently, their S offspring showed hyperglycemic, hyperinsulinemic responses to GTT. These aberrant GTT responses of the prenatal E-exposed offspring were not reversed by simultaneous T4 administration to the E-consuming dams. The major novel findings of this study indicate that the second-generation progeny, derived from F1 males and females reciprocally mated with naïve B rats, remained affected by grandmaternal E consumption. In contrast to the first generation, the F2 generation's hypoglycemic and hyperinsulinemic responses to GTT were reversed by grandmaternal T4 treatment, suggesting that T4 prevented, reversed, or interfered with the effects of E on F1 germ cells. This pattern was particularly strong in the SB F2 offspring, where grandmaternal EϩT4 treatment led to glucose and insulin responses to GTT that were dramatically different from those with grandmaternal E alone.
Human chronic alcoholics are predominantly hyperglycemic even when abstinent, although some cases present with hypoglycemia (5, 6, 24) . These findings extend to rodents, where some, but not all, studies show hyperglycemia with chronic alcohol consumption (23, 27) . The pregnant P0 females consumed E from GD8 to GD21 in our study and exhibited chronic alcohol-induced hyperglycemia, consistent with what was found in humans. However, other studies found no hyperglycemia in dams who consumed E (32, 43, 49) . The difference in findings may be related to experimental variations in the timing of blood collection relative to their alcohol or food intake. For example, a fed pregnant female has an increase in blood glucose levels when consuming alcohol, whereas a fasted one shows a decrease (45). Since we measured fed glucose levels in the E-consuming dams, the elevated glucose levels, compared with controls, are in agreement with these findings.
Two possible physiological mechanisms could explain the abnormal GTT responses of the F1 generation exposed to E in utero, the hyperglycemic maternal/prenatal environment, or the direct effect of E on the developing fetus. The hyperglycemic in utero environment of the F1 generation could influence fetal development of glucose regulation resulting in hyperglycemic, hyperinsulinemic GTT responses in the adult offspring. Diabetic or prediabetic maternal environment is known to affect 
TSH, thyroid stimulating hormone; ↔, T4 no difference from control ϭ reverses. metabolic functioning of offspring throughout their lives (8, 26, 31) . Similarly, animal studies using exposure to a hyperglycemic in utero environment (15) , or transfer to an in utero environment that is hyperglycemic, can lead to hyperglycemia of the progeny (20) . Alternatively, given that E-induced hyperglycemia is not a consistent finding in the pregnant dams, but glucose dysregulation and lower body weights are present in the F1 offspring of these dams, E could affect the developing embryo directly (32, 33, 44, 49) . Direct effects of E on the developing embryo or fetus could be conferred from in vitro studies where fetal neuronal cells treated with E show impaired insulin responses (21, 51) . Additionally, prenatal E-exposed rats show pancreatic damage, which is specific to E (9, 10). The direct and indirect effects of E on food consumption and metabolism, leading to decreased caloric intake, are difficult to separate (46) , particularly since calorie restriction during pregnancy can also cause GTT deficits in the offspring (34) . Nevertheless, the hyperglycemic, hyperinsulinemic response to GTT of the F1 offspring of E dams in this study is not related to caloric restriction, since the PF group, which is calorically matched to the E dams, did not produce effects in the F1 offspring similar to those of prenatal E. The current findings cannot conclusively identify whether prenatal programming of adult metabolic function or direct effect of E contribute to the aberrant GTT responses of the F1 offspring. Future experiments need to be designed that can control the nutritional deficits within the E-consuming dams themselves or that can allow for E exposure of the fetus directly.
The potential causes of the intergenerational effect of prenatal E on glucose and insulin regulation could not be due to the intrauterine environment since female offspring of SS F1 E males showed hyperinsulemia and hypoglycemia, even though their B mothers were naïve females that were never exposed to E. In view of this, the phenotype of the SB F2 males and females and the BS F2 females can be explained by the grandmaternal E affecting the germline in the fetal SS F1. Should that be a straightforward explanation, we would expect to see the BS F2 males to be affected as well. Since the matrilinear SB F2 males and females and the patrilinear BS F2 females are all affected, epigenetic effects of grandmaternal E on X chromosomal genes of the F1 germ cells might be involved. Interestingly, insulin-resistant diabetes is found in Turner's (monosomy X) syndrome (36) , and Klinefelter's (XXY) syndrome (7, 29) . These cases can be found even in the absence of diabetes in the parents of individuals with Turner's or Klinefelter's, suggesting that change in the dosage of some gene or genes on the X chromosome is causative in the increased rate of diabetes in these syndromes (3) . A similar pattern of inheritance has been suggested for insulin resistance with polycystic ovarian syndrome (37) , where fathers are more likely to have insulin resistance/Type 2 diabetes than mothers. Since several genes related to cognitive function are also mapped to the X chromosome, potential epigenetic alteration of X-linked genes by grandmaternal E consumption could lead to both metabolic and behavioral consequences in the second generation. The mechanisms of these epigenetic changes are likely to include DNA methylation, since prenatal E induces changes in DNA methylation and, subsequently, imprinting (17, 19, 25) . Specifically it has been shown to cause changes in the methylation of the X chromosome in the developing neural tube (28) . Future work is aimed at determining the epigenetic modifications responsible for the intergenerational effects of E, and the candidate genes on the X chromosome, which may have altered methylation status due to grandmaternal E.
Grandmaternal T4 administration attenuated the E-induced aberrant GTT responses in the F2, but not the F1 generation, thereby further supporting the proposed effect of E and T4 on the germline in the fetal SS F1. Endogenous or exogenous manipulations during the critical period of pregnancy affect not only the mother (P0), but also the developing germ cells (F2) in her offspring (F1). Prior to complete cell differentiation and epigenetic modifications, there is an opportunity for prenatal manipulations to alter the DNA methylation patterning of future generation (16) . There are examples of prenatal exposure to endocrine disruptors such as vinclozolin, methoxychlor, and diethylstilbestrol acting as hormonal antagonist or agonist, causing inherited physiological effects through the male or female germline for up to two to four generations (1, 2). The mechanism of transgenerational inheritance include DNA methylation (30) and RNA interference (4) . Thyroid hormones might also alter the epigenome, possibly through methylation and histone acetylation (40, 50) . In our study T4 could affect the germ cells of F2 generation without direct impact on the F1 through the same mechanism.
One can also argue that the success of grandmaternal T4 treatment is related to the influence of B genetic background on the F2 responses to GTT. The effect of the paternal B genetic background is clear in the differences between the GTT responses of the SS F1 and SB F1 offspring. Both of these F1 offspring had the same SS mothers, consuming the same amount of E diet and having the same blood alcohol levels (38) . Nevertheless, their offspring showed differing vulnerability to the effects of maternal E. Furthermore, SB F1 and F2 offspring of control dams have higher fasting glucose levels than any other crosses employed in this study (Figs. 6A and  7A) . Inversely, plasma insulin levels are lower in these offspring (Figs. 6B and 7B ). These differences suggest that B genetic background, particularly paternal B, is involved in the differences observed in the variations in glucose and insulin responses to GTT across the generations.
We assumed that effects of prenatal or grandmaternal E on thyroid hormone regulation would parallel that of glucose and insulin responsiveness to GTT. This was not the case. Interestingly, both the euthyroid TSH profile of the F1 E female and the hypothyroid profile of the F1 E male appeared to lead to a similar pattern of plasma TSH in the SB and BS F2 progeny. Surprisingly, grandmaternal PF, E, and EϩT4 diets resulted in a similar hyperthyroid-like plasma TSH profile in male F2 progeny, suggesting an intergenerational effect of these treatments, likely related to calorie restraint on thyroid function. This is the first demonstration of intergenerational transfer of the prenatal E-induced aberrant glucose and insulin responsiveness. Given that 7.6% of women have been found by the Centers for Disease Control and Prevention to drink while pregnant (12) , many children and grandchildren are at risk for developing abnormalities in glucose regulation and vulnerabilities to metabolic disorders. A deeper understanding of this intergenerational transfer is needed with the proposed mechanism of environmental effects on germline in utero.
